Abstract-Massive radiation-induced inflammatory factors released from injured cells may cause innate and acquired immune reactions that can further result in stress response signal activityinduced local and systemic damage. IL-1 family members IL-1b, IL-18, and IL-33 play key roles in inflammatory and immune responses and have been recognized to have significant influences on the pathogenesis of diseases. IL-1b, IL-18, and IL-33 share similarities of cytokine biology, but differences exist in signaling pathways. A key component of the inflammatory reaction is the inflammasome, which is a caspase-1-containing multiprotein oligomer. Pathological stimuli such as radiation can induce inflammasome and caspase-1 activation, and subsequently cause maturation (activation) of pro-forms of IL-1 and IL-18 upon caspase-1 cleavage. This caspase-1 dependent and IL-1 and IL-18 associated cell damage is defined as pyroptosis. Activated IL-1 and IL-18 as proinflammatory cytokines drive pathology at different immune and inflammatory disorders through Toll-like receptor (TLR) signaling. While the mechanisms of IL-1b-induced pathophysiology of diseases have been well studied, IL-18 has received less attention. The author recently reported that gamma radiation highly increased IL-1b, IL-18 and IL-33 expression in mouse thymus, spleen and/or bone marrow cells; also circulating IL-18 can be used as a radiation biomarker to track radiation injury in mice, minipigs, and nonhuman primates. This mini-review focuses on the role of IL-18 in response to gamma radiation-induced injury. Health Phys. 111(2): 212-217; 2016 
INTRODUCTION
IT HAS been suggested that radiation causes cellular and tissue damage leading to "danger signals" and antigen release. These signals and antigens, such as damage-associated molecular patterns (DAMPs), are important pro-inflammatory factors that play a pivotal role in stress response signal activation and induce inflammatory and immune reactions in target cells (Shan et al. 2007; Williams and McBride 2011) . Recently, many DAMPs have been identified, and their roles in the inflammatory response were reported (Venereau et al. 2015) . These include high mobility group box (HMGB) 1 protein (Scaffidi et al. 2002; Shi et al. 2003) , damaged nuclear and mitochondrial DNA, extracellular adenosine triphosphate (ATP) (Krysko et al. 2011; Idzko et al. 2014) , and oxidized low-density lipoprotein Kapetanovic et al. 2015) .
Inflammation is an important part of the complex biological responses of tissues to harmful radiation stimuli; it can be independent of DNA damage and occurs within minutes of exposure to radiation through post-transcriptional mRNA stabilization and early gene expression (Iwamoto and Barber 2007; Schaue and McBride 2010) . A massive release of radiation-induced proinflammatory cytokines will induce apoptosis, pyroptosis, senescence, autophagy, or necrosis in irradiated cells (McBride et al. 1989; Li et al. 2012; Zhang et al. 2012; Fukumoto et al. 2013; Ha et al. 2013; Haldar et al. 2015) . In this sense, acute radiation syndrome (ARS) can be considered an acute inflammatory disease. Interleukin-18 (IL-18) is an interleukin-1 (IL-1) family member discovered in 1995 (Okamura et al. 1995) , and it is induced in restricted inflammatory cells by inflammatory stimuli and secreted through activation of the inflammasome (Brydges et al. 2013) . Inflammasomes are multiprotein oligomers consisting of caspase-1, NALP (NACHT, LRR, and PYD domains-containing protein), PYCARD (Apoptosis-associated speck-like protein containing a CARD or ASC), and sometimes caspase-5 (also known as caspase-11 or ICH-3). They are expressed in myeloid cells and are a component of the innate immune system. Stressinduced DAMPs (Savage et al. 2012; Venereau et al. 2015) and reactive oxygen species (ROS) released from damaged mitochondria (Fukumoto et al. 2013 ) are frequent stimulants of inflammasomes, and the inflammasome promotes the maturation of the inflammatory cytokines Interleukin-1b (IL-1b), IL-18 through NALP3 (cryopyrin) and caspase-1 activation (Rathinam et al. 2012) .
IL-18 and IL-1b display both similarities and important differences in response to stress and inflammatory stimuli (Bergsbaken et al. 2009 ). For example, an IL-18 precursor is present constitutively in almost all cells including hematopoietic cells, mesenchymal cells, and epithelial cells of the gastrointestinal (GI) tract in healthy humans and animals, whereas the IL-1b precursor is rarely found in these cells (Dinarello et al. 2013) . IL-1b is produced by monocytes, macrophages, dendritic cells (DC), B-lymphocytes, and nature killer (NK) cells (van de Veerdonk and Netea 2013) . It was reported that IL-1b administration induced cyclooxygenase (COX)-2 expression and fever in wildtype but not in COX2 −/− C57BL/6 J mice, whereas IL-18 caused less COX-2 expression and did not induce fever in these mice (Li et al. 2003) . In addition, IL-1b activation of cells usually needs picograms (pg) to nanograms (ng) per milliliter (mL), whereas IL-18 requires 10-20 ng mL −1 or even more (Lee et al. 2004) . Deletion of the IL-18 receptor gene (Il18r) resulted in partial rescue of skin and visceral disease in young but not aging mice with cryopyrinassociated periodic syndromes (CAPS), suggesting that early disease is driven primarily by IL-18. In contrast, inhibition of IL-1 or IL-1R effectively cured CAPS, indicating the effects of IL-1 and IL-18 are at different stages of the disease process (Brydges et al. 2013 ).
IL-18, IL-18 RECEPTORS, AND IL-18 BINDING PROTEIN
IL-18 as a T helper 1 (Th1) cell cytokine was originally discovered as an interferon (IFN)-g-inducer (Okamura et al. 1995) and has been detected in many cell types. Similar to IL-1b, IL-18 is first synthesized as low levels of inactive precursor. This cytokine precursor lacks a signal peptide and depends on caspase-1 cleavage, becoming a mature active factor secreted in response to disease, stress, and inflammatory stimuli (Liew and McInnes 2002; Dinarello et al. 2013) . Radiation stress induces cells to express DAMP signaling through pattern recognition receptors (PRRs) (Weber et al. 2010; Schaue et al. 2012) , which control production of pro-inflammatory cytokines (such as IL-1 and IL-18). IL-18 stimulates neutrophil migration and activation as well as Th1, Th2, and Th17 cell differentiation and IL-2, IL-12, GM-CSF and IFN-g secretion in a variety of cell types through TLR signaling (Nakanishi et al. 2001; Carta et al. 2013) .
Two IL-18 receptors (IL-18R) are required for initiation of IL-18 signaling. The IL-18Ra is required for ligand binding with low affinity. After binding of IL-18 to the IL18Ra, the accessory chain, IL-18Rb, is recruited into a high affinity signaling complex ). This complex is recognized by TLRs, which is an essential signal through the adapter protein MyD88 (myeloid differentiation primary protein 88). MyD88 activates the transcription factors NFkB (Nuclear factor kB), c-Jun N-terminal kinase (JNK)/AP-1(activator protein-1), MAPK kinases through IL-1R-associated kinases (IRAK), and interferon regulatory factors (IRF) to trigger inflammatory signal pathways (Fig. 1) . This IL-18 activation-induced pathway was defective in Myd88 −/− mice (Adachi et al. 1998; Hafer et al. 2007 ).
IL-18 binding protein (IL-18BP) is a novel natural antagonist of IL-18 discovered by two independent groups in 1999 (Aizawa et al. 1999; Novick et al. 1999 ). This protein belongs to the immunoglobulin-like class of receptors and is not cleaved on the cell surface. IL-18BP is a secreted protein in serum. It binds to the receptor-binding site of IL-18 with high affinity to block the IL-18 and IL-18R complex formation and subsequently inhibits IL-18 activation (Fig. 1 ). There are four isoforms of IL-18BP (a, b, c, and d) in humans and mice (Kim et al. 2000) . Among them, IL-18BP isoforms a and c inhibit IL-18 at equimolar ratios, and isoforms b and d have no function for IL-18 inhibition. Human and mouse IL-18BPs share approximately 61% amino acid sequence identity. IL-18BP is abundant in both human and mouse serum and can be determined by ELISA using polyclone anti-IL-18BP antibody (Novick et al. 2001 ). Levels of IL-18 and IL-18BP are not always positively correlated. Disease-induced IL-18 increases with or Fig. 1 . IL-18 signal pathway. After caspase-1 cleavage, the activated IL-18 is bound by IL-18Ra, which recruits IL-18Rb to form a high affinity complex. This complex is recognized by TLRs and associated with a Toll/interleukin-1 receptor (TIR) domain, which is an essential signal through the adapter protein MyD88. The TLR signal pathway further anchors IRAK to trigger downstream stress-response proteins such as NFkB and MAPK. IL-18BP is a constitutively secreted protein in human and animal serum. IL-18BP is a natural inhibitor of IL-18, which binds to mature IL-18 and neutralizes the activation of without enhanced IL-18BP in serum have been observed (Shan et al. 2009; Ji et al. 2014; Yoshida et al. 2014) . In humans and animals, increased disease severity can be associated with an imbalance of IL-18 to IL-18BP. Thus, IL-18BP has a role in destructive inflammatory disorders.
EFFECTS OF IL-18 ON RADIATION INJURY
Acute exposure to ionizing radiation induces danger signals and antigens such as endogenous DAMPs. DAMPs can be recognized by pattern recognition receptors (PRRs) and inflammasomes, which subsequently initiate immune and inflammatory signal transduction pathways through TLR and interleukin receptors (IL-R) and associated adaptor proteins containing a Toll/interleukin-1 receptor (TIR) homology domain ( Fig. 1) (Janeway 1992; Kluwe et al. 2009; Santoni et al. 2015) . IL-18R has a TIR domain (Sandor et al. 2003; Meijer et al. 2004 ). Shan et al. (2007) reported that total-body irradiation (TBI) between 0.05 and 4 Gy resulted in radiation dose-dependent IL-12 and IL-18 secretion and increased TLR4-MD2 and MyD88 expression in mouse peritoneal macrophages. Furthermore, radiation-induced NLRP3 inflammasome activation and caspase-1 cleavage correlated with apoptosis in mouse immune cells have been reported (Stoecklein et al. 2015) . The investigators demonstrated that the circulating IL1b, IL-18, IL-6, and IL-12 were significantly lower in caspase-1 −/− or Nlrp3 −/− mice than in wild type (WT) mice after TBI. Both caspase-1 −/− or Nlrp3 −/− mice showed lower inflammatory-type responses to radiation exposure and lesser radiation-induced cell death than genetically normal mice did, suggesting that the caspase-1 and NLRP3 inflammasome play key roles in radiation-induced injury in animal cells.
The author recently reported that IL-1b, IL-18, and IL-33 were upregulated in mouse thymus, spleen, and bone marrow after TBI (Ha et al. 2014) . Interestingly, IL-18 but not IL-1b or IL-33 significantly and stably increased in mouse serum from 1 d after sublethal (5-7 Gy) and lethal doses (8-12 Gy) of TBI (Li et al. 2015) in a radiation dose-dependent manner. High levels of circulating IL-18 (2.5-24-fold higher than control) were tightly associated with lethal doses of radiation exposure up to 13 d post-TBI. That finding was further confirmed by the author in total-body lethal dose g-irradiated nonhuman primates (NHPs) (Farese et al. 2012 ) and minipigs (Moroni et al. 2011) , and demonstrated that radiation significantly enhanced IL-18 in serum from NHPs 2-4 d after 7 Gy and in minipig plasma 1-3 d after 1.6 Gy of TBI. The statistical data from this study were summarized in Table 1 . Finally, circulating IL-18 were compared with the lymphocyte and neutrophil counts in blood of mice, minipigs and NHPs and demonstrated close correlations between increases of IL-18 and decreases in lymphocyte and neutrophil counts after radiation (Ha et al. 2014) .
Lymphocytes are very sensitive to radiation. IL-18-induced lymphocyte count reductions were also found in NHPs (Herzyk et al. 2002) . A single intravenous injection of IL-18 at 1 or 10 mg kg −1 in cynomolgus monkeys caused a transient decrease of lymphocyte counts in peripheral blood. The authors suggested that the effect of IL-18 on lymphocytes is indicative of lymphocytes trafficking out of circulation to tissue sites, instead of IL-18-induced lymphocyte death. How IL-18 mediates its role in radiationinduced reduction of lymphocyte counts in peripheral blood needs further investigation.
Radiation-induced neuroinflammation and radiation somnolence syndrome (RSS) was described as a late effect of whole-brain radiotherapy in children. Radiation-induced proinflammatory cytokines, including IL-18 secretion, may be responsible for this disorder (Ballesteros-Zebadua et al. 2012 ). In addition, Hwang et al. (2006) reported that a single dose of 15 Gy irradiation to a whole rat brain increased glial fibrillary acidic protein in astrocytes and initiated neuron gliosis. They further demonstrated radiation dose-dependent increases in IL-18 and multiple pro-inflammatory cytokine mRNAs in microglia cells and suggested an association between inflammatory complications and radiotherapyinduced astrocyte gliosis.
Recently, radiocontrast administration-caused increases in plasma creatinine and spot urine IL-18 levels in humans were reported by Turkmen et al. (2012) . The radiocontrast agents used in 20 patients (11 males, 9 females) were 623 mg mL −1 Iopromidand (1.5 mL Kg ) and 100 mL of 650 mg mL −1 meglumine diatrizoate as three-way oral and rectal contrast material for abdominal computed tomography (CT). The risk of radiocontrast-induced nephropathy (RIN) in humans was low. However, a statistically significant (Ha et al. 2014). increase in spot urine IL-18 levels was observed at 6 and 24 h after radiocontrast administration, followed by plasma creatinine increases at 24 and 48 h, compared with the control group. Radiocontrast administration-induced plasma creatinine increases did not reach the significant levels, but urine IL-18 increases may indicate an early kidney injury by radiocontrast. The author suggested that the level of IL-18 in a patient's urine can be used as an early parameter for kidney injury after radiocontrast administration. IL-18 production also occurred after other types of radiations that cause inflammatory responses. Ultraviolet radiation (UVR) exposure stimulated abundant IL-18, IL-1, and IL-33 secretion in keratinocytes (Grandjean-Laquerriere et al. 2007; Nasti and Timares 2012) . Keratinocytes are the predominant cell type in the epidermis, the outermost layer of the skin, which forms a barrier against environmental damage by pathogenic bacteria, fungi, parasites, viruses, heat, ionizing radiation, UVR, and water loss. UVR exposure causes accumulated DNA mutations that can lead to epidermal malignancies. Cho et al. (2002) reported that IL-18 production was enhanced by UVB irradiation in a dose-and time-dependent manner and is correlated with malignant skin tumors. Furthermore, their results suggested that UVB irradiation-induced IL-18 production is selectively mediated through the generation of RO1 (regulator of O-antigen length) and the activation of AP-1.
CONCLUSION
IL-1 family member IL-1b, IL-18, and IL-33 are proinflammatory cytokines that promote immune and inflammatory responses to a variety of pathologic stimuli. The IL-18 precursor is expressed in many types of mammalian cells including hematopoietic cells, endothelial cells, keratinocytes, mesenchymal cells, and intestinal epithelial cells. IL-18 plays a key role in radiation-induced cell damage through an inflammasome-TLR signal transduction pathway involving radiation stress response factors NFkB, JNK, AP-1, and MAPK. Pro-IL-18 is cleaved by caspase-1 to form active IL-18, and the latter is secreted from monocyte, macrophage and/or dendritic cells (Dinarello et al. 2013 ) after radiation exposure to start an inflammatory signal cascade. The elevated circulating IL-18 after radiation proportionally reflects radiation dose and severity of radiation injury and may be used as a potential biomarker for triage and also monitoring of casualties after radiological accidents as well as for therapeutic radiation exposure. Inhibition of IL-18 activation by IL-18 BP and maintaining the balance between IL-18 and IL-18BP may protect animals and humans from radiation injury.
